Unsteady heat diffusion in a thick thermal boundary layer over a spherical surface in radial motion is studied. The boundary layer is divided into two parts, one towards the outer edge of the layer, and the other adjacent to the surface. A method of successive approximations is employed to obtain the solutions appropriate to these regions. An explicit expression for the temperature distribution is presented in the zero order when the temperature at infinity and the temperature gradient at the spherical surface are specified. The convergence of the approximation procedure and the joining of the inner and outer solutions are discussed. Results may be applied to the problems of bubble growth or collapse in a liquid and droplet evaporation and particle sublimation in a hot environment.
Introduction
Unsteady transport phenomena in a spherically symmetrical system with a boundary in radial motion are commonly observed in nature and in industry.
Typical examples of such a physical event include the growth and collapse of a vapor bubble, evaporation of a droplet, and sublimation of a solid particle. Vol. 4, No. 2 [2, 3] and collapse [4] of a spherical vapor bubble in a liquid. In these bubble dynamics problems, the assumption of the thin thermal boundary layer is quite reasonable since not only the heat capacity is much greater in the liquid state than in the vapor state but the thermal diffusivity is also much smaller. Theory, therefore, agrees very well with experiments.
Due to the restriction of small Fourier numbers, the thin thermal boundary layer solution is equivalent to the small-time solution which is valid over short time intervals immediately following the introduction of a vapor bubble into a liquid.
In the asymptotic phase after certain time has elapsed, however, the asymptotic solution to the temperature field can be obtained by means of a similarity transformation. A thermodynamic equilibrium under the saturation state is assumed to prevail at the spherical boundary R(t) which obeys the square law, namely R2(t) varies linearly with time.
Because of simplicity in mathematical treatment, numerous articles dealing with the asymptotic behavinr of the temperature (or concentration in mass diffusion) field have been published, for example references 5-7.
In the case of droplet evaporation or sublimation of solid particles in a hot environment, the heat capacity is much smaller in the gas phase than in the liquid or solid phase while the thermal diffusivity is also much larger.
Consequently, the thermal boundary layer adjacent to the moving spherical boundary is thicker than the droplet or particle radius. The thin thermal boundary layer solution is not valid any more.
The present study deals with the unsteady heat diffusion in a thick thermal boundary layer. By means of a method of successive approximations, the approximate solutions are obtained based on a division of the boundary layer into two parts.
Analysis
Consider the physical situation in which a spherical particle, either a liquid droplet or a solid particulate, is suddenly placed in a hot environment of an infinite extent at temperature Too. As the radius of the particle changes due to phase transformation, heat flows toward the moving spherical interface. It is postulated that the gas is inviscid and incompressible, and that thermal properties remain constant with temperature. Using spherical coordinates with the origin fixed at the center of the particle, the gas temperature T satisfies the equation 
OT(t,R) ~r
Here, t denotes the time; O(, thermal diffusivity; r, radial distance from the origin; k, thermal conductivity; ~, particle density; A , latent heat of evaporation or sublimation; and R, time derivative of R(t). The temperature gradient at the spherical boundary in Eq. (3) is specified.
In dealing with a diffusion problem with moving boundaries, it is advantageous to transform Eqs. (1) (s) (6) where a(t) is the integration constant.
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-C~r ' ) = 0 Eq. (2), we can select the function a(t) so that 
Here, the subscript indicates the order of the approximation in power of the perturbation parameter E which has the same order of magnitude as R3/x in the outer region or x/R 3 in the inner region.
A. Inner Solution
It is convenient to introduce in Eq. 
PUo-ad--~-= 0 and
respectively, where p represents the Laplace variable of ~ and Uo and F are the Laplace transformed functions of u ° and f respectively. The general solution of Eq. (18) reads
Since a small value oft corresponds to a large value of P, the positive exponential term must vanish for the temperature to be finite at small times: CI=0. The combination of Eqs. (18), (19) and (20) 
g(t') = R2(t ')(c~T/o~r)r=R(t, ) 
in which
The Fourier number in the outer region is defined as 
The solution is valid for the entire boundary layer.
Results and Discussion
For estimating the behavior of the convergence of the approximation theory, it is necessary to examine the first-order correction to the solution. Since the lifetime of an evaporating droplet [11] or a sublimating particle in a hot environment is about the same order of magnitude as that of a vapor bubble collapsing in a subcooled liquid [2, 4] , the zero-order approximation as given by Eqs. (22) and (25) are sufficient.
This conclusion is believed to hold also for the outer solution (40) or (42) as it has been derived through matching with the inner solution.
One example is given below to demonstrate the joining of the inner and outer solutions:
The boundary R and its radial velocity R must be known so that the boundary condition (3) is specified. So, let the time history of the boundary be R = at n so that ~ = ant n-I
where both a and n are constant, a is dependent upon physical properties.
Equation (25) and (46) T s -Toe x* respectively, where T s denotes the saturation temperature and 2n-i j= ~ )~ aRo__q__ -C~ t n 2 PCp~T ;&T=Ts-T°° ; a*= ; t*= (56) R o An examination of Eqs. (54) and (55) has disclosed that the value of n is not arbitrary but subject to some physical constraints.
In case of bubble growth for example, a faster temperature change in the inner region than in the outer region requires that the exponent of t* in Eq. (54) be greater or equal to that of t* in Eq. (55). The upper bound of n is thus found to be n ~ I/2.
On the other hand, the exponent of t* in Eq. (55) must be greater than zero for To(t,x ) in the outer region to be a monotonic increasing function of time.
It yields the lower bound as n > i/3. Thus, one gets
The n range is in good agreement with the square law (the square of bubble, 
